ABSTRACT-Most recent phylogenetic analyses place the Cainotheriidae within the Tylopoda, but doubts about this placement within Tylopoda have been persistent. The Cainotheriidae are well known from numerous specimens and their cranial anatomy is well documented from complete, partial and disarticulated cranial material. However, high-resolution computed tomographic (CT) scans can still provide additional data to resolve problems in the interpretation of the auditory region, and allow comparison with other tylopod and ruminant taxa. Cainotheriids share several features with various groups within the Tylopoda, including an enlarged mastoid fossa, an inflated auditory bulla filled with cancellous bone, the presence of a sinus venosus temporalis, and what has been interpreted as a large flange of the periotic enclosing the petrobasilar canal. The reconstruction of the petrobasilar canal has been difficult to interpret, as the published figures are unclear. A micro-CT scan of Cainotherium (YPM 25037) shows the morphology is more complex. The periotic shows a smaller flange that does not enclose the petrobasilar canal. The skull base shows different arrangement of bones from other artiodactyls, presumably as a result of the enlargement of the auditory bulla, which has also affected the course of the petrobasilar canal. The otic region of Cainotherium shows no resemblances to ruminants, and features of this region are consistent with the Cainotheriidae being either a sister taxon to Tylopoda + Ruminantia, or with inclusion in a tylopod grouping.
INTRODUCTION
Cainotheres are small, rabbit-sized artiodactyls known from the late Eocene-middle Miocene of Europe. There are six genera (Robiacina, Oxacron, Paroxacron, Plesiomeryx, Caenomeryx, Cainotherium) ranging in size from small rabbits up to the size of the lesser mouse deer Tragulus javanicus. They are characterized by distinctive five-cusped selenodont teeth with two anterior cusps and three posterior, in which the protocone has shifted posteriorly to form the posterolingual cusp. They have a greatly enlarged auditory bulla, and Rose (1985) considered their limb proportions to be very similar to those of Diacodexis.
Cainotheriids have always presented a phylogenetic puzzle. Their features represent a mixture of basal characters (unfused tarsals, complete digits II and V, complete dentition) and autapomorphies (uniquely selenodont molars), which has caused difficulty in grouping them satisfactorily. They have usually been linked to the contemporary European anoplotheres, often with various other bunoselenodont taxa, such as xiphodontids and anthracotheres. Romer (1966) placed cainotheres, anoplotheres, xiphodontids, and amphimerycids in the Tylopoda. Webb and Taylor (1980) restricted Tylopoda to camelids, oromerycids, protoceratids, xiphodontids, and amphimerycids, excluding cainotheriids and anoplotheres from their Neoselenodontia. Gentry and Hooker (1988) supported placement of cainotheriids within Tylopoda, along with the oreodonts and mixtotheres, based on their preferred analysis, but their PAUP cladogram placed them as more basal selenodonts, outside of Tylopoda + Ruminantia (Fig. 1) .
More recent analyses have placed cainotheriids either somewhere within Tylopoda (Geisler, 2001; Theodor and Foss, 2005; Geisler et al., 2007; Thewissen et al., 2007; Geisler and Theodor, 2009) or as basal ruminants (Geisler and Uhen, 2005 ; O'Leary * Corresponding author.
and Gatesy, 2007) , underscoring the difficulty in placing this small clade.
The difficulties in resolving artiodactyl relationships, along with the recognition that cetaceans are nested within this clade (Gatesy et al., 1996; Gatesy, 1997; Gingerich et al., 2001; Thewissen et al., 2001; Geisler and Uhen, 2003) , suggest that new morphological character sets are needed to resolve the position of many extinct taxa. Because whales have reduced the limbs and simplified and lost teeth, many characters used in artiodactyl systematics cannot be coded for them, leading to a situation where large portions of data matrices are coded for whales but not artiodactyls, and vice versa. However, cetacean workers have long used characters of the basicranium in phylogenetic analyses. Studies of artiodactyl ear morphology have been largely opportunistic, based on broken or disarticulated skull material (Hürzeler, 1936; Dechaseaux, 1967 Dechaseaux, , 1969 Dechaseaux, , 1974 Webb and Taylor, 1980; Coombs and Coombs, 1982; Norris, 1999 Norris, , 2000 , but three studies have used serial sectioning (Whitmore, 1953) and computed tomographic (CT) scans (Joeckel, 1992; Joeckel and Stavas, 1996) to examine the internal anatomy of the ear region.
The cranial anatomy of the cainotheres is perhaps the best known of all extinct artiodactyls, as their abundant remains have allowed detailed description (Hürzeler, 1936 ). Hürzeler's description included a description of the hollow structures of the middle and inner ear, which he described from casts produced by filling the canals with celluloid. Recent work on the ear region of protoceratids (Joeckel and Stavas, 1996; Norris, 2000) and basal tylopods (Norris, 1999) showed that the petrosal anatomy of protoceratids resembles that of ruminants more than Tylopoda, where they have long been placed. Joeckel and Stavas (1996) noted that the derived protoceratid Syndyoceras differed in petrosal morphology from the extant camelids, as protoceratids lacked a characteristic flange on the petrosal roofing over the petrobasilar canal. Norris examined material of the basal tylopod taxon Bunomeryx (1999) and the basal protoceratid Leptotragulus (2000) to address this question, and showed that the periotic morphology of Bunomeryx was more similar to that of camelids, whereas Leptotragulus was clearly a basal protoceratid. Cainotheres appear to share some camelid features but extant descriptions were inadequate to resolve the course of the petrobasilar canal. Norris (1999) suggested that the periotic flange might be a potential synapomorphy uniting cainotheres and camelids, and called into question whether some of the material figured in Hürzeler (1936) was broken or erroneously reconstructed.
Although Hürzeler (1936) provided a detailed description of the skull, the text description does not include details on the region in question, and details of the morphology of the petrobasilar canal are not entirely clear in the figures. High-resolution micro-CT scanning allows detailed reconstruction of this region and testing of this potential synapomorphy, and also reveals additional details that Hürzeler was unable to observe in 1936. Material-YPM 25037 (formerly part of a batch lot, YPM 12266) is a partial skull, referred to Cainotherium commune (Norris, 2000) from Saint Gérand-le-Puy, Auvergne, France. It preserves the right auditory bulla and part of the right zygomatic arch, whereas the left side is heavily damaged. The specimen preserves the basioccipital, right ectotympanic, squamosal, and periotic, but the basisphenoid is missing anteriorly. Dorsally, the specimen preserves the parietals and frontals but is broken anterior to the postorbital process.
MATERIALS AND METHODS

Institutional
Comparative Computed Tomography Scan-YPM 25037 was imaged using a Scanco vivaCT 40 MicroCT scanner. The specimen was scanned at an energy of 55 kV and intensity of 109 μA, scanning 1500 slices (each at 2048 × 2048 resolution) through the ear region, at a slice thickness of 17 μm. Reconstructions were made using a reduced data set of images at 1024 × 1024 resolution, using Amira 4.12 for Mac OS X (Visage Imaging Inc., Chelmsford, MA; http://www.amira.com). Isosurface models were computed directly from the CT data. The periotic, ectotympanic, and basioccipital bones and the cochlear space, semicircular canals, carotid canal, and the facial canal were digitized in Amira, allowing three-dimensional (3D) reconstructions to be generated for those structures. Comparative CT scans for UCMZ specimens were imaged by conventional medical CT scanners by Canada Diagnostic Centres.
DESCRIPTION
The skull of Cainotherium was described in great detail by Hürzeler (1936) . There are some areas of ambiguity in Hürzeler's description of the ear region of Cainotherium: the path of the petrobasilar canal (Norris, 1999) , the path of the facial canal, and the apparent lack of a submeatal depression surrounding the internal auditory meatus and the endocranial opening of the facial nerve canal.
Skull
External-The ventral skull of Cainotherium is dominated by the extreme inflation of the auditory bullae, which are large enough to compress the basioccipital (van der Klaauw, 1931) . The bullae appear V-shaped in ventral view, as the external auditory meatus is also inflated, opening dorsolaterally, and overlapping the squamosal at its ventral margin. The meatus is separated from the body of the bulla by a deep tympanohyal vagina (van der Klauuw, 1931; Hürzeler, 1936) . The bullae are more rostral in position than in camelids, ruminants, or protoceratids, and much larger and more anteroposteriorly elongate. The most rostral part of the bulla reaches the anterior margin of the glenoid fossa and the large postglenoid foramen and is inflated greatly ventral to the glenoid fossa, and the caudal edge of the bulla is parallel with the occipital condyles. Van Kampen (1905) suggested the cainothere bullae and external auditory meatus were very similar to those of Tragulus. The bullae are filled with cancellous bone, such that the ventral wall of the tympanic cavity is lined with it. The petrosal and the squamosal contribute to the roof of the epitympanic recess.
The opening of the external auditory meatus in Cainotherium is formed almost entirely by the ectotympanic (Fig. 2) , bounded posteriorly by the mastoid process of the periotic. The mastoid exposure on the external surface of the skull is very small. This contrasts with the condition in Bunomeryx and Leptotragulus, where the external auditory meatus is roofed by the squamosal (Norris, 1999 (Norris, , 2000 . The small posttympanic process is formed by the squamosal, with no contribution from the ectotympanic, again unlike Bunomeryx or Leptotragulus. In Cainotherium, the FIGURE 2. Right lateral view of 3D isosurface model of YPM 25037, showing locations of coronal CT sections in A-D. Scale bar = 10 mm. Abbreviations: avsc, anterior vertical semicircular canal; bo, basioccipital; c, cochlea; cc, carotid canal; ct, cavum tympani; eam, external auditory meatus; et, ectotympanic; fc, facial canal; hsc, horizontal semicircular canal; iam, internal auditory meatus; mf, mastoid fossa; p, parietal; pbc, petrobasilar canal; pe, periotic; sa, subarcuate fossa; sq, squamosal, svt, sinus venosus temporalis; u, utriculus. CT scan image © 2009 Peabody Museum of Natural History, Yale University, used with permission.
roof of the epitympanic recess is formed primarily by the periotic, with a very small contribution from the squamosal. Cainotherium appears to lack an incisura tympanica, a feature found in Leptotragulus (Norris, 2000) , pecorans, Merycoidodon, and Poebrotherium (Whitmore, 1953) , but absent in extant camelids and tragulids.
Internal-A large, anteriorly open sinus venosus temporalis begins just posterior to the large postglenoid foramen, leaving a large space between the squamosal and periotic ( Fig. 2A) . The sinus narrows caudally, and closes posteriorly just anterior to the subarcuate fossa. Posteriorly, the periotic is tightly sutured to the squamosal, and very slightly contacts the parietal at the most dorsal edge of the periotic. In camelids, the transverse sinus gives off the mastoid emissary vein and then passes into the periotic as the temporal sinus, exiting at the retroarticular foramen (Smuts and Bezuidenhout, 1987) . The sinus venosus temporalis is also known in Syndyoceras (Joeckel and Stavas, 1996) , the oreodont Merycoidodon (Whitmore, 1953) , Poebrotherium, and the extant camelids Lama (Joeckel and Stavas, 1996; UCMZ (M) 1987.5) and Camelus (= temporal sinus Smuts and Bezuidenhout, 1987; UCMZ (M) 1975.496 ). The sinus is smaller than in Leptotragulus, and appears to be similar in size to that of Merycoidodon (Whitmore, 1953) .
Periotic-Hürzeler's (1936) description of the external surfaces of the periotic are generally accurate. The periotic is roughly rectangular in tympanic view, and dorsoventrally concave in endocranial view. The dorsal half of this face forms the medial wall of the sinus venosus temporalis, arching medially. The ventral edge of the tympanic face of the periotic shows a curved sulcus, which forms the dorsal wall of the carotid canal (Fig. 3B) . The ventral wall of the carotid canal is formed by the ectotympanic. Immediately dorsal to the carotid canal is the large promontorium. The sulcus for the stapedial artery is not clearly visible as it is in Hürzeler's fig. 25 (Fig. 3B) . The fenestra cochleae is large, ovate, posteriorly placed, and faces dorsomedially. The fenestra vestibuli is cranial to it, smaller and more as, stapedial artery sulcus; bo, basioccipital; ca, cochlear aqueduct; cc, carotid canal; er, epitympanic recess; et, ectotympanic; fc, facial canal; fco, fenestra cochleae; fl, flange on periotic; fms, fossa muscularis stapedius; fmtt, fossa muscularis tensor tympani; fo, foramen ovale; fv, fenestra vestibuli; iam, internal auditory meatus; mp, mastoid process; pbc, petrobasilar canal; pr, promontorium; sa, subarcuate fossa; svt, sinus venosus temporalis.
anteromedially directed. Anteroventral to the fenestra vestibuli is a large, deep fossa for the m. tensor tympani. A horizontal shelf overhangs these openings, forming a fossa for the stapedial muscle caudally, roofing the entrance to the facial canal and roofing the eiptympanic recess more cranially. Above this ridge, the small mastoid process projects posterodorsally.
The endocranial face of the periotic lacks the distinctive crest dividing the cerebral and cerebellar surfaces seen in Leptotragulus (Norris, 2000) , more derived protoceratids (Joeckel and Stavas, 1996) , and anoplotheriids (Dechaseaux, 1969: fig. 3 ). The endocranial face of the periotic bears three openings (Fig. 3A,  C) : posteroventrally, a large, oval internal auditory meatus (internal auditory meatus = porus acousticus internus in Hürzeler, 1936) , which faces medially; anterior and slightly dorsal to the internal auditory meatus, an oval opening to the facial canal, opening more posteriorly; and dorsal to both of these, and opening anteromedially, is a very large subarcuate fossa. The cainothere internal auditory meatus is oval rather than subtriangular, and larger than in camelids and Bunomeryx (Norris, 1999) .
As noted by Norris (1999) , the internal auditory meatus and facial canal of Cainotherium are not set into a submeatal depression, and are separated. This condition has yet to be reported in any other artiodactyl taxon, leading Norris to suggest that it may represent an autapomorphy for Cainotheriidae. However, it is important to note that this region of the skull has been described in detail only for Cainotherium, and might represent an autapomorphy for the genus rather than the family-further work on other cainotheres will be needed to confirm its presence in other genera.
Facial Canal-The facial canal in YPM 25037 appears to be more extensive than can be seen in Hürzeler's celluloid cast of MB 6140. Endocranially, the facial canal opening is large, faces caudoventrally, and leads into two smaller openings (Fig. 1C) . The dorsal opening is a blind-ended canal, whereas the ventral opening is the facial canal proper. The facial canal curves caudally and laterally around the base of the ampullae of the superior and horizontal semicircular canals, opening into a large ovate cavity dorsal to the fenestra cochleae, not seen in Hürzeler's cast. The canal exits the tympanic face of the periotic immediately dorsal to the fenestra cochleae, but the cavity extends posteromedially towards the base of the horizontal semicircular canal. From there, the facial nerve clearly passed through the ectotympanic to the large stylomastoid foramen, immediately caudal to the external auditory meatus. Hürzeler (1936) reported that this canal communicates with the utriculus near the rostral root of the superior and horizontal semicircular canals, and he referred to the endocranial portion of the canal as the vestibulofacial canal. I have been unable to visualize this connection between the utriculus and the facial canal in YPM 25037, which may be attributable to a flaw in Hürzeler's cast, the quality of the CT scan, or variation in this feature.
Petrobasilar Canal-The petrobasilar canal houses the ventral petrosal venous sinus, which connects the cavernous sinus to the external jugular veins in extant camelids (Smuts and Bezuidenhout, 1987) . The condition of the petrobasilar canal (also referred to as the sinus venae basilaris cranii [Hürzeler, 1936] and the sinus petrosus ventralis [Smuts and Bezuidenhout, 1987] ) has been suggested to be important to diagnosing the Tylopoda.
Extant camelids have a large flange on the periotic ventral to the internal auditory meatus, which projects medially and ventrally over the petrobasilar canal, a condition not found in the protoceratid Syndyoceras (Joeckel and Stavas, 1996) . Norris (1999) suggested this flange represented an expanded crista promontorii medioventralis, although he subsequently referred to it simply as a flange on the periotic (Norris, 2000) . Norris (1999:748) notes, " Hürzeler (1936: fig. 26 ) interprets the petrobasilar canal as running through a sulcus medial to this flange, but no such grooves could be seen on the specimen examined by this author (YPM 12266)." (= YPM 25037). The angle of Hürzeler's fig. 26 and pl. I fig. 4 make it difficult to assess this region, and Norris (1999) speculated that the specimen figured might have been damaged.
CT scan sections ( Fig. 2A-D ) and 3D reconstructions (Fig. 3 ) of YPM 25037 clearly show that although a small flange of the periotic extends medioventrally from the internal auditory meatus, the morphology in cainotheres is more complex than it appears from Hürzeler's fig. 26 . The cainothere condition is unlike the morphology described for camelids, protoceratids or ruminants (Joeckel and Stavas, 1996 ). Hürzeler's fig. 29 shows a very large flange of the periotic projecting medially, but this does not resemble the (less-diagrammatical) pl. II fig. 9, nor his fig. 26 . This flange of the periotic does not appear to represent an expanded crista promontorii medioventralis (Norris, 1999: fig. 4 ). It is not as large as the flange in Bunomeryx or in extant camelids (Joeckel and Stavas, 1996; Norris, 1999) , and unlike in those taxa, the flange does not overlap the dorsolateral margin of the basioccipital (contra Norris 1999) .
The periotic has a small anterior projection over the basioccipital, forming the lateral edge of a broad shallow sulcus (Fig.  2B, C) , and a very short subtle medial ridge at the anterior most end of the sulcus that can be seen on this specimen (Fig. 3A) . The lateral ridge becomes more pronounced posteriorly, and the medial edge of the periotic becomes depressed, forming a deep sulcus in the periotic and restricting the contact between the basicoccipital and the periotic to the ventral portion of the basioccipital (Fig. 2D) . The periotic does not completely roof over the petrobasilar canal at any point, and the extent of roofing of the canal is much less than in the camelids. The petrobasilar canal in cainotheres is thus only partially roofed by the periotic, and is formed primarily by the periotic ventrally. The basioccipital forms the medial wall of the sulcus of the petrobasilar canal, and unlike extant camelids, Bunomeryx, or Merycoidodon, shows no raised medial ridge bordering the sulcus. This suggests that Norris' (1999) suggestion of a true petrobasilar canal as a synapomorphy for camelids, Bunomeryx, oreodonts, and cainotheres might not be so simple, and that cainotheres may show a more basal or an autapomorphic condition of the petrobasilar canal.
In cross-section (Fig. 4) , it is clear that the relationship of the basicranial bones and the petrobasilar canal is somewhat different in cainotheres than in other artiodactyl groups. In camelids, the medial portion of the auditory bulla abuts the basioccipital, and the petrobasilar canal is formed by both the bulla and the basioccipital, with the periotic flange roofing over the petrobasilar canal. Ruminants seem to share this arrangement, but lack the flange over the petrobasilar canal. Protoceratids also lack a flange, but unlike ruminants, the petrobasilar canal runs only through the basioccipital, presumably because the auditory bulla is so small in this group. By contrast, in cainotheres the tympanic bulla is greatly enlarged and spongiose. The basioccipital is tabular, and contacts the ectotympanic only ventrally towards the rostral end of the skull. The periotic is ventrally expanded and abuts the basioccipital. The auditory bulla articulates with the external face of the periotic, and a small region articulates with the ventrolateral margin of the basioccipital. The petrobasilar canal is formed almost entirely by the periotic, with a medial wall contributed by the basioccipital for part of its length.
Subarcuate Fossa-The subarcuate fossa is very large, and dominates the dorsal endocranial face of the periotic. The subarcuate fossa of cainotheres opens anteromedially, more anteriorly than in the camelids, where the opening faces more medially. The anterior vertical semicircular canal passes through the thickened bony margin of the subarcuate fossa, and the posterior vertical semicircular canal surrounds the posterior and medial wall of the fossa. Within the subarcuate fossa, the fossa deepens and widens slightly into a greatly enlarged mastoid fossa (Hürzeler, 1936; Norris, 1999) . Endocasts show that the mastoid fossa housed a small floccular lobe of the cerebellum, often referred to as the lobulus petrosus (Hürzeler, 1936; Dechaseaux, 1969) . Bunomeryx, camelids, anoplotheriids, and probably Xiphodon share this feature. Dechaseaux (1969: fig. 3 ) shows a similar condition in Dichobune, and a clear floccular lobe of the cerebellum in the endocast of Xiphodon (Dechaseaux, 1967: fig. 10 ). Whitmore (1953) and Norris (1999) report small depressions within a shallower subarcuate fossa in Merycoidodon and Ticholeptus, respectively, but in both cases this mastoid fossa is much smaller and more restricted, and the subarcuate fossa opens more medially than the condition in either camelids or cainotheres. By contrast, in extant ruminants and in the protoceratids Leptotragulus and Syndyoceras, the subarcuate fossa is shallow and lacks a mastoid fossa entirely (Joeckel and Stavas, 1996; Norris, 1999 Norris, , 2000 .
Bony Labyrinth-Hürzeler's (1936) description of the periotic includes a description of the cochlea and semicircular canals, produced from a celluloid cast of the bony labyrinth. It is generally accurate, but CT scans reveal more detail in some areas. The cochlea is ventrolaterally directed, with three turns, which can be seen where they protrude on the promontorium. Hürzeler's fig. 28 shows a tiny duct leading posteriorly from the crus commune, identified as the endolymphatic duct. This structure, which should represent the vestibular aqueduct, cannot be clearly identified in the CT scan slices of YPM 25037, but YPM 25037 does show a small duct exiting the cochlea ventral to the ampulla of the posterior vertical semicircular canal, caudoventral to the internal auditory meatus. This duct can be seen in transverse section in Figure 5 , leading caudally from the cochlea into the cranial cavity, and appears to represent the cochlear aqueduct. The ossicles of the middle ear are not clearly identifiable in this specimen and may have been lost, but Hürzeler described the morphology of these elements in detail (1936:36, Pl. II, figs. 6-8) .
DISCUSSION
CT scanning of the auditory region of Cainotherium provides an opportunity to review the characters of this region, compare cainotheres with other taxa, and examine support for various recently published phylogenies. Cainotheres had traditionally been allied with the anoplotheres (Osborn, 1910; Simpson, 1945; Sudre, 1977) , because they share five-cusped selenodont teeth, and a similar construction of the distal humerus, which allows supination. Viret (1961) argued that these traits are plesiomorphic because the protocone in cainotheres is posterior, whereas in anoplotheres it is anteriorly shifted. The degree of mastoid exposure also differs: cainotheriids have a very small exposure of the mastoid because of the enlarged auditory bulla, whereas anoplotheres have a large mastoid exposure.
Hooker and Weidmann (2000) united the Mixtotheriidae and the Cainotheriidae in the Cainotherioidea, based on molarization of P4, a rapidly deepening posterior dentary, and the retention of a complete lower molar postcristid. Their cladistic analysis included 19 characters for eight mixtotheriid and cainotheriid taxa, but did not test the relationship of cainotheres and mixtotheres by including any additional taxa. Although both mixtotheres and cainotheres possess inflated auditory bullae, the bullae of cainotheres are relatively much larger and filled with cancellous bone, whereas Mixtotherium has a hollow bulla. Mixtotherium shows no external mastoid exposure of the periotic, and a strong posttympanic process on the squamosal. Cainotherium retains a small mastoid exposure at the rear margin of the external auditory meatus, but lacks a post-tympanic process (Pearson, 1927) . The suggested relationship between mixtotheres and cainotheres requires additional testing in a larger phylogenetic analysis, but is not currently supported by the character evidence from the basicranium.
Xiphodontidae were included in Tylopoda based on postcranial and dental resemblances (Matthew, 1929) . Subsequent authors added protoceratids, oreodonts, cainotheres, and hypertragulids (Scott, 1940; Romer, 1966) . Dechaseaux (1967) noted that endocasts of Xiphodon show a floccular lobe, supporting the inclusion of xiphodontids in Tylopoda. Webb and Taylor (1980) argued that hypertragulids were members of Ruminantia, and argued that oreodonts, cainotheres, and anoplotheres should be excluded from Tylopoda (and Neoselenodontia), as all three of these groups retain upper incisors, molar paraconules, and unfused ecto-and mesocuneiforms in the ankle.
A number of features are shared between various tylopods and cainotheriids (Norris, 1999) . The mastoid fossa is shared with Bunomeryx, camelids, anoplotheres, and xiphodontids, but is currently unknown for oromerycids, and ambiguous for oreodonts as a whole. Protoceratids and Leptotragulus have shallow subarcuate fossae, with no evidence of a mastoid fossa or a floccular lobe (Norris, 2000) . The question remains open whether this expansion of the mastoid fossa represents a synapomorphy for an expanded Tylopoda excluding protoceratids, or there is a functional basis for convergent evolution in these groups.
An inflated bulla filled with cancellous bone is also present in the oromerycids and anoplotheres, whereas protoceratids have a highly reduced bulla (Norris, 2000) , and Bunomeryx shows a large hollow bulla (Norris, 1999) . In extant rodents, an enlarged cancellous bulla is usually interpreted as evidence of selection for low-frequency hearing (Gardner and Emmons, 1984; Hopkins, 2005) and is commonly found among burrowing taxa. The functional implications of the cancellous bulla are unclear among larger artiodactyls where there is no evidence of burrowing.
The sinus venosus temporalis is found in cainotheriids, oreodonts, protoceratids and anoplotheres, and camelids but is not found in Bunomeryx. The presence of a periotic flange overhanging the petrobasilar canal is known only for camelids and Bunomeryx. Cainotherium seems to display an incipient form of this flange-it is considerably smaller and does not enclose the petrobasilar canal dorsally. Instead it provides a lateral wall for much of the canal, which runs largely in a sulcus in the ventral margin of the periotic. This differs from the condition in Bunomeryx and camelids, where the petrobasilar canal runs between the auditory bulla and the basioccipital, likely a consequence of the differences in the relationships of the basioccipital, periotic, and ectotympanic resulting from the extreme inflation of the bulla in cainotheriids. In the absence of evidence from other taxa such as oromerycids, it is difficult to determine whether the cainothere condition represents a basal morphology, a derived one evolved by modification of the camelid condition, or evolved the periotic flange in parallel. Additional data from other putative tylopod taxa will help to understand the significance of this character complex.
Most ruminants bear a ridge on the endocranial surface of the periotic, dividing the periotic into cerebral and cerebellar surfaces. This ridge is also found among protoceratids, Leptotragulus, and in the anoplotheres, but is lacking in Cainotherium. None of the features of the bulla and periotic in Cainotherium are similar to ruminants.
Three features of the basicranial morphology of Cainotherium are so far unknown in other taxa. In most other non-ruminants, the internal auditory meatus and the facial nerve canal are set in a submeatal depression, and are quite close in position. Cainotherium lacks a submeatal depression, and the two openings are separated by a considerable distance (Fig. 3A, C ; Norris, 1999) . The basicranial relationships of the basioccipital, periotic, and ectotympanic bulla differ from the patterns documented for ruminants, camelids, and protoceratids (Fig. 4) , excluding the bulla from the braincase. The ventral expansion of the periotic forms an extensive butt joint with the basioccipital. This condition has not yet been documented in any other taxa. Lastly, the roofing of the tympanic spaces differs from other groups. Whereas in Bunomeryx and Leptotragulus the external auditory meatus is roofed by the squamosal, in Cainotherium the squamosal is excluded from the meatus, also likely a result of the extreme inflation of the bulla and external auditory meatus in Cainotherium.
Since Romer (1966) placed cainotheres within Tylopoda, most authors have followed suit, with the exception of Webb and Taylor (1980) . Gentry and Hooker (1988) presented two phylogenies that conflicted in their position for cainotheriids. Their PAUP analysis placed cainotheriids as basal selenodont taxa, outside the Tylopoda + Ruminantia, whereas their manual tree, in which they attempted to reduce reversals, put cainotheres within Tylopoda. More recent molecular analyses (Gatesy, 1996 (Gatesy, , 1997 show no support for Webb and Taylor's Neoselenodontia, instead placing camels as a basal lineage within Cetartiodactyla. Subsequent morphological and total evidence analyses have shown either a position for cainotheres within the Tylopoda (Geisler 2001; Theodor and Foss, 2005; Geisler et al., 2007; Thewissen et al., 2007; Geisler and Theodor, 2009; see Fig.  1 ) or as basal ruminants (O'Leary and Gatesy, 2007; Geisler and Uhen, 2005 , in their stratocladistic analysis, fig. 4 ), but in the combined analyses there is no support for Neoselenodontia. The data matrix for O'Leary and Gatesy's 2007 analysis did not include other European groups (xiphodontids or amphimerycids). However, the placement of cainotheres as basal ruminants in this tree conflicts with the evidence from the basicranium presented here. Placement of cainotheres as a basal sister taxon to Tylopoda + Ruminantia (a grouping not found in most recent phylogenetic analyses) or as members of Tylopoda are not in conflict with the information from the cainothere otic region, but further testing of these characters needs to be done in a phylogenetic analysis once there is sufficient data from additional taxa. Norris (1999 Norris ( , 2000 has discussed the biogeographic implications of the relationships of the extant Tylopoda and Ruminantia with basal forms such as Bunomeryx and Leptotragulus. The current notion of Tylopoda includes endemic North American taxa (camelids, oromerycids, oreodonts) with endemic European groups (cainotheriids, anoplotheriids, xiphodontids, and amphimerycids) and the only members that could be construed as cosmopolitan are the basal 'homacodontines.' Among the North American taxa, the earliest representative is Bunomeryx, which is Uintan in age, whereas the earliest suggested ruminant, Mesomeryx, is of similar age. Leptotragulus is known from somewhat older deposits; thus, if protoceratids are more closely related to ruminants than the tylopods, that would push the divergence time for protoceratids and ruminants into the Bridgerian, before the post-Wasatchian isolation of Europe. Norris (2000) suggests the possibility that Tylopoda + Ruminantia had a common origin in North America.
The neoselenodont grouping has not received much support from recent combined morphological and molecular analyses of cetartiodactyl phylogeny, although it is supported by analyses of morphological partitions only (Geisler et al. 2007 ; O' Leary and Gatesy, 2007; Thewissen et al., 2007) . If cainotheriids are basal to a Tylopoda + Ruminantia clade, it suggests that one or more basal lineage remained in each continent after their divergence. If, however, they are basal ruminants (O'Leary and Gatesy, 2007) and none of the other European groups can be convincingly placed in the Tylopoda, it could imply strong morphological convergence in the face of extended biogeographic isolation on both continents.
If, however, cainotheriids do belong within Tylopoda, Tylopoda includes only endemic North American and European groups with strong resemblances, ostensibly isolated from one another from the end of the Wasatchian until the Oligocene, although the North American fauna shows evidence of numerous Asian immigrants during this time (Stucky, 1998; Norris, 1999 Norris, , 2000 Erfurt and Métais, 2007; Theodor et al., 2007) . It is possible that as our understanding of the marine epicontinental barriers evolves, and our knowledge of the Asian fossil record and biostratigraphy improves, we may clarify the biogeographic history of these well-known but puzzling groups.
